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Oxygen (O2) and carbon dioxide (CO2) levels vary in different environments and locally fluctuate during respi-
ration and photosynthesis. Recent studies in diverse animals have identified sensory neurons that detect
these external variations and direct a variety of behaviors. Detection allows animals to stay within a preferred
environment as well as identify potential food or dangers. The complexity of sensation is reflected in the fact
that neurons compartmentalize detection into increases, decreases, and short-range and long-range cues.
Animals also adjust their responses to these prevalent signals in the context of other cues, allowing for flex-
ible behaviors. In general, the molecular mechanisms for detection suggest that sensory neurons adopted
ancient strategies for cellular detection and coupled them to brain activity and behavior. This review high-
lights the multiple strategies that animals use to extract information about their environment from variations
in O2 and CO2.Introduction
Oxygen (O2) and carbon dioxide (CO2) are the substrates and
products for maintaining life on earth. Because these two gases
are essential, organisms have evolved sophisticated homeo-
static mechanisms to ensure that appropriate internal concen-
trations are maintained. For example, if a jogger runs up a hill,
arterial chemoreceptors in the carotid body sense a rapid reduc-
tion of O2 in the bloodstream and elicit panting to increase O2
intake (Gonzalez et al., 1992). In addition to internal monitoring
of O2 and CO2, it has become increasingly clear that animals
also monitor external concentrations and use this information
to direct a variety of behaviors.
In the atmosphere, O2 levels are 21% and CO2 levels are
a trace 0.038%. However, in subterrestrial and aquatic environ-
ments, the concentrations of these substances vary enormously.
Animals that live in these environmentsmonitor external concen-
trations as a homeostatic mechanism to stay within a preferred
concentration range that meets their metabolic needs. Fish gills
have specialized chemoreceptor cells that sense variations in O2
or CO2 in the environment (Jonz et al., 2004; Qin et al., 2010).
Indeed, the size and shape of a school of fish may be a trade-
off between access to oxygen-rich water at peripheral edges
of the school and safety from predators in the middle (Brierley
and Cox, 2010). Soil dwellers such as the nematode Caenorhab-
ditis elegans also have sensory neurons that detect variations in
O2 and CO2, allowing them to stay within their preferred environ-
ment (Gray et al., 2004; Cheung et al., 2005; Bretscher et al.,
2008; Hallem and Sternberg, 2008; Zimmer et al., 2009). Even
animals that live in enclosed spaces may monitor ambient
concentrations. When CO2 levels in the hive increase by 1%–
2%, honeybees exhibit fanning behavior to ventilate the nest in
order to maintain a low CO2 environment (Seeley, 1974).
CO2 emitted during respiration may also serve as a secreted
chemical signal that other animals detect. In this way, CO2194 Neuron 69, January 27, 2011 ª2011 Elsevier Inc.may act as a chemosensory signal that alerts animals to potential
food, predators, or danger. Blood-feeding insects such as
mosquitoes, black flies, and tsetse flies are attracted to CO2
and use this signal to hone in on their human hosts (Gibson
and Torr, 1999). The hawkmoth,Manduca Sexta, prefers flowers
that emit a high level of CO2, suggesting that CO2 acts as a prox-
imal signal for nectar (Guerenstein et al., 2004; Thom et al.,
2004). CO2 increases can also signal avoidance, as CO2 emitted
byDrosophila upon stress acts as a signal for otherDrosophila to
flee (Suh et al., 2004).
How do animals detect and respond to varying concentrations
of O2 and CO2 in their environment? Recent studies of the model
organisms C. elegans, Drosophila melanogaster and mice have
begun to elucidate the neural and molecular bases of detection.
In all cases, detection occurs in specialized sensory cells; in
Drosophila andmice, subsets of olfactory and gustatory neurons
respond specifically to CO2. In most cases, these neurons
respond to discrete features in their environment, such as
increases or decreases in O2 or short-range or long-range
cues. Detection can lead to attraction or avoidance behavior,
and these behaviors are plastic. Plasticity may be especially
important to allow animals to interpret the rather nonspecific
signals of O2 and CO2 in the context of their complex sensory
world. The molecular underpinnings of detection are beginning
to be elucidated, highlighting similarities across organisms and
commonalities with ancient cellular mechanisms of detection.
Staying within a Preferred Concentration Range:
O2 Sensing in C. elegans and Drosophila
The nematode C. elegans lives in the soil. O2 levels in this envi-
ronment vary from 1%–21%, depending on depth from the
surface as well as soil properties such as compaction, aeration,
and drainage (Anderson and Ultsch, 1987). C. elegans show
a behavioral preference for 5%–10% O2 levels and avoid higher
Figure 1. C. elegans Senses Increases and
Decreases in O2
(A) The URX and BAG neurons respond to O2.
(B) Behavioral response to decreases and
increases in O2 measured as a slowing behavior.
Changing the O2 concentration to either higher or
lower values causes a temporary slowing.
(C) URX neurons sense O2 increases with the gua-
nylate cyclases GCY35 and GCY36, causing an
increase in cGMP and opening of cGMP-gated
channels (TAX2/4).
(D) BAG neurons sense O2 decreases with GCY31
and GCY33, increasing cGMP and opening
TAX2/4.
(E) Animals lacking URX neurons respond to
decreases but do not respond to increases in O2.
(F) Animals lacking BAG neurons do not respond
to decreases but still detect increases.
Graphs in B, E, and F are schematics based on
data in Zimmer et al. (2009).
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setpoint may reflect a compromise between the metabolic
needs of the animal (favoring high O2) and oxidative stress
(favoring low O2) (Lee and Atkinson, 1977). The study of
C. elegans O2 sensation has provided a framework for under-
standing how animals monitor gas levels to select a preferred
environment.
Recent progress has been made elucidating the neural and
molecular bases for hyperoxia avoidance. Two pairs of neurons,
URX and BAG, play critical roles in sensing O2 (Zimmer et al.,
2009) (Figure 1). URX is a pair of unciliated sensory neurons
whose dendrites extend toward the tip of the nose (White
et al., 1986). BAG neurons have bag-like dendrites that extend
near the lateral lips (Perkins et al., 1986; White et al., 1986).
Both URX and BAG neurons respond to changes in O2 in the
environment but have different response properties and are
associated with different behaviors. URX neurons depolarize in
response to O2 increases, responding best to upshifts between
10%–12% to 15%–20%O2 (Zimmer et al., 2009). These neuronsNeuron 69are essential for the aggregation behavior
that C. elegans displays in response to
high O2 and aerotaxis responses to O2
increases (Coates and de Bono, 2002;
Gray et al., 2004; Zimmer et al., 2009).
The BAG neurons, in contrast, respond
to decreases in O2 levels, depolarizing
upon downshifts to preferred concentra-
tions (5%) (Zimmer et al., 2009). These
neurons mediate aerotaxis response to
O2 downshifts (Zimmer et al., 2009).
Soluble guanylate cyclases are ex-
pressed in the O2-sensing neurons and
mediate recognition. C. elegans have
seven atypical, b-like, soluble GCs (Mor-
ton, 2004b), four of which have been
shown to participate in hyperoxic avoid-
ance. gcy-35 and gcy-36 are expressed
in URX and together mediate responses
to O2 increases (Cheung et al., 2004,2005; Gray et al., 2004; Chang et al., 2006). gcy-31 and gcy-33
are required in BAG neurons for responses to O2 decreases
(Zimmer et al., 2009) (Figure 1). Guanylate cyclases are gas
sensors that contain a heme-binding domain fused to a cyclase
enzymatic domain that converts GTP to cGMP (Boon and Mar-
letta, 2005). For canonical GCs, the heme-binding domain selec-
tively binds the reactive gas nitric oxide and excludes O2; a small
change in the binding pocket of GCY-35 alters the ligand selec-
tivity such that the heme binds O2 (Gray et al., 2004).
How do O2 increases activate URX while decreases activate
BAG? For URX, the model is that GCY-35 and GCY-36 sense
an increase in O2, activating the cyclase leading to cGMP
production, the opening of cyclic nucleotide-gated (CNG) ion
channels (TAX-2/TAX-4), and cell depolarization (Coates and
de Bono, 2002; Cheung et al., 2004; Gray et al., 2004; Zimmer
et al., 2009). For BAG, GCY-31 and GCY-33 are activated by
a decrease in O2, triggering cyclase activity (Zimmer et al.,
2009). Thus, the cyclases themselves are thought to show oppo-
site responses to O2, with GCY-35/36 activated and GCY-31/33, January 27, 2011 ª2011 Elsevier Inc. 195
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increased and decreased O2 are the property of the cyclase not
the neuron. Consistent with this, placing GCY-35 and GCY-36 in
BAG neurons (in a gcy-31, gcy-33 double mutant background)
causes these neurons to respond to O2 upshifts rather than
downshifts (Zimmer et al., 2009).
Interestingly,Drosophila also contains three atypical guanylate
cyclases that participate in O2-mediated behaviors: Gyc-89Da,
Gyc-89Db, and Gyc-88E. Gyc88E clusters in a phylogenetic
tree with C. elegans GCY-31 and Gyc-89Da/b cluster with
GCY-33 (Morton, 2004b; Zimmer et al., 2009). Gyc-88E can act
as a homodimer or as a heterodimer in conjunction with Gyc-
89Da or Gyc-89Db, all of which increase cyclase activity under
anoxic conditions (Morton, 2004a). Purified Gyc-88E binds O2,
and cyclase activity is inhibited as O2 increases (Huang et al.,
2007). This argues that these cyclases are activated in the
absence of O2, similar to the model for GCY-31 and GCY-33.
Behaviorally, Drosophila larvae avoid hypoxic conditions
(Wingrove and O’Farrell, 1999). When there is a decrease in O2
levels, larvae leave the food and wander. Mutants in any of the
threeGycs reducewandering under hypoxic conditions (Vermeh-
ren-Schmaedick et al., 2010).When larvae are exposed to hyper-
oxic or hypoxic environments, they decrease stops and turns,
suggesting escape behavior. Mutants in gyc-89Da do not show
this decrease to hypoxia (11%–16% O2) and gyc-89Db mutants
do not show this decrease to mild hypoxia (18%–20%) or hyper-
oxia (22%–30%) (Vermehren-Schmaedick et al., 2010). Thus,
different Gycs sense different O2 environments.
A common theme emerging from the studies of O2 sensation in
C. elegans andDrosophila is that sensory cells respond to selec-
tive features of O2 in the environment. For C. elegans, one set of
O2-sensing neurons responds to O2 increases and the other to
O2 decreases in hyperoxic environments. For Drosophila, one
set is necessary for hyperoxic avoidance, the other for hypoxic
avoidance. These animals do not have a single class of O2-
sensing neuron that responds best to a preferred concentration;
instead, they have different sets of neurons to monitor changing
concentrations or values above and below the preferred set-
point. The finding that animals use different receptors and cells
tuned to different O2 concentrations is reminiscent to what is
seen in mammalian thermosensation where different transient
receptor potential ion channels respond best to different temper-
ature ranges (Jordt et al., 2003). By having some channels tuned
for cool environments and others tuned for hot environments,
animals can identify their preferred temperature and avoid
thermal extremes. A similar strategy in O2 sensing may allow
animals to resolve small variations in their environment and
optimize their responses to changing conditions.
Differential Detection of Long-Range and Short-Range
Cues: CO2 Detection in Mammals
In addition to monitoring atmospheric gases to maintain favor-
able environments, animals use long-range and short-range vari-
ations to extract information about predators, hosts, and food.
CO2 detection may be useful to stay within a low CO2 environ-
ment or to detect a specific signal. In many cases, the biological
relevance of CO2 detection is unknown, as all plants and animals
emit CO2 during respiration.196 Neuron 69, January 27, 2011 ª2011 Elsevier Inc.C. elegans show acute avoidance to CO2, avoiding levels as
low as 0.5%–1% above ambient concentrations (Bretscher
et al., 2008; Hallem and Sternberg, 2008). This avoidance is
greatly reduced when BAG neurons are ablated (Hallem and
Sternberg, 2008), arguing that the neurons that sense O2
decreases also sense CO2 increases. Avoidance requires the
TAX-4 CNG channel (Bretscher et al., 2008; Hallem and Stern-
berg, 2008) but does not require GCY-31/33 (Hallem and Stern-
berg, 2008). Thus, CO2 sensing and O2 sensing may be partially
mediated by BAG neurons through activation of the same CNG
channels but different receptor mechanisms. The molecular
sensors for CO2 detection in C. elegans are unknown.
Mammals also sense CO2 in the environment. Recent studies
of mammalian CO2 detection have provided insight into cellular
and molecular mechanisms of detection. In mammals, CO2 is
sensed by both the olfactory system and the gustatory system,
demonstrating an unexpected complexity in detection (Figure 2).
Although CO2 concentrations up to 30% are odorless to hu-
mans (Shusterman and Avila, 2003), mice smell CO2 and show
innate avoidance at around 0.2% (Hu et al., 2007). Olfactory
neurons have been identified that depolarize in response to
CO2, with a detection threshold of 0.1%, consistent with the
behavioral threshold (Hu et al., 2007). The olfactory neurons in
mouse that respond to CO2 are different from most olfactory
neurons. First, whereas most olfactory neurons express
members of the odorant receptor family, an olfactory-specific
G protein called Golf and adenylate cyclase, the CO2-sensing
neurons express a unique complement of signaling molecules
involved in CO2 detection (Fulle et al., 1995; Juilfs et al., 1997;
Meyer et al., 2000; Hu et al., 2007). Second, these neurons
show unusual axonal projection patterns in the first relay the
olfactory bulb (Juilfs et al., 1997). In general, olfactory neurons
that express the same receptor project to a single glomerulus;
CO2-sensing olfactory neurons target a string of caudal glomeruli
called necklace glomeruli that are anatomically segregated
from other olfactory projections. These differences suggest the
CO2 detection system forms a distinct subsystem of the main
olfactory system.
The molecules specifically expressed in CO2 neurons provide
insight into CO2 detection (Figure 2). A soluble carbonic anhy-
drase (CAII) and a receptor guanylate cyclase (GC-D) may
couple CO2 detection to the production of the second
messenger cGMPand cell depolarization (Fulle et al., 1995; Juilfs
et al., 1997; Hu et al., 2007; Sun et al., 2009). Carbonic anhy-
drases are enzymes that catalyze the conversion of CO2 into
carbonic acid, bicarbonate ions, and protons (Tashian, 1989).
Receptor guanylate cyclases (RGC), unlike the soluble guanylate
cyclases used in C. elegans O2 sensation, are single-pass trans-
membrane proteins with an extracellular ligand-binding domain
coupled to an intracellular cyclase domain (Wedel and Garbers,
1997). RGCs function as dimers, lack a heme domain, and are
activated by binding small peptides. The current model for olfac-
tory sensing is that CO2 diffuses through the membrane and is
acted upon by CAII to produce bicarbonate. Bicarbonate then
activates GC-D, opening CNGA3 channels and causing cell
depolarization (Luo et al., 2009; Han and Luo, 2010). In support
of this model, carbonic anhydrase inhibitors block CO2 cellular
responses and car2 mutants do not show behavioral responses
Figure 2. Mice and Drosophila Sense CO2
with their Olfactory and Gustatory Systems
Top: Mouse detection of CO2. Top right: The
signaling cascade proposed for CO2 detection
by the olfactory system. CAII senses CO2,
producing HCO3
 that activates RGC. RGC
produces cGMP, opening CNG channels. Second
panel on the right: Detection by the gustatory
system. Carbonic anhydrase IV produces protons
that activate the proton-gated channel, PKD2L1/
PKD1L3. Bottom: CO2 detection by Drosophila.
Olfactory neurons sense CO2 with Gr21a/Gr63a,
leading to avoidance behavior. Gustatory neurons
marked by the enhancer trap E409 sense CO2,
leading to acceptance behavior.
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mechanism of activation has not been established, it has been
shown that bicarbonate can activate cGMP production when
GC-D is expressed in heterologous cells (Guo et al., 2009; Sun
et al., 2009). Moreover, cellular and behavioral CO2 responses
are absent in animals lacking the CNGA3 channel (Han and
Luo, 2010). However, many aspects of this model remain to be
tested; for example, the requirement for CAII or GC-D for cellular
activation has not been established.
Other studies of GC-D olfactory neurons have shown that they
respond to the small peptides guanylin and uroguanylin
(Leinders-Zufall et al., 2007) and carbon disulfide (CS2) (Munger
et al., 2010). Guanylin and uroguanylin detection requires GC-D
but not CAII, whereas CS2 detection is absent in car2 mutants
and reduced in gc-d mutants (Munger et al., 2010). The
responses to CS2 or peptides were reported to be about
10,000-fold more sensitive than the responses to CO2 (Munger
et al., 2010). These results call into question the natural ligandNeuron 69for these cells. One interpretation is that
the CO2-sensing neurons may be multi-
modal neurons that integrate detection
of multiple cues. Second-order neurons
that synapse onto necklace glomeruli,
the sites where GC-D neurons project,
also respond to multiple cues. Ten
percent of mitral/tufted cells in proximity
of necklace glomeruli respond to CO2
and are activated or inhibited by a small
number of other odors (Gao et al.,
2010). Together, these findings suggest
that CO2 is not processed by a dedicated
olfactory channel. Instead, CO2 signals
may be integrated with other cues very
early on in the olfactory pathway. One
way that an animal could glean informa-
tion from emission of a generic molecule
like CO2 would be to couple its detection
to that of other odors or peptides.
Whereas the olfactory system medi-
ates long-range detection of volatile
CO2, the gustatory system mediates
short-range detection. Humans obviously
appreciate carbonated beverages but thetaste of carbonation does not clearly fall within the classic taste
modalities of sweet, bitter, sour, salt, or umami. Only recently
have there been studies to examine the molecular basis for the
taste of carbonation. Taste cells on the mammalian tongue
respond to different taste modalities: sugar, bitter, sour, and
salt-sensing cells have been identified (Yarmolinsky et al.,
2009). Sour-sensing cells express a membrane-tethered extra-
cellular carbonic anhydrase (CAR4) (Chandrashekar et al.,
2009) in addition to an ion channel PKD2L1/PKD1L3 that can
be activated in response to acidic solutions (Huang et al.,
2006; Ishimaru et al., 2006; Inada et al., 2008). These cells
respond not only to acids but also to carbonation, with a dose-
sensitive response between 6%–30% CO2 (Chandrashekar
et al., 2009). Animals that lack car4 or animals in which
PKD2L1 cells have been genetically ablated do not show taste
responses to carbonation (Chandrashekar et al., 2009). The
most parsimonious model for cell activation is that carbonic
anhydrase activity produces protons that are sensed by the, January 27, 2011 ª2011 Elsevier Inc. 197
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differs from sour taste in this model is unclear; however, somato-
sensory neurons may contribute. It is interesting to speculate
that carbonic anhydrase on the tongue may have evolved as
a strategy to maintain an appropriate pH environment, similar
to its function in blood and other tissues (Tashian, 1989). That
specific sensory cells sense the breakdown products suggests
that a cellular defense system to maintain acid-base balance
may have been co-opted for flavor. Anecdotally, mountain
climbers who take the carbonic anhydrase inhibitor acetazol-
amide to combat altitude sickness report that beer and soda
taste flat (the champagne blues) (Graber and Kelleher, 1988),
hinting that carbonic anhydrases may mediate the taste of
carbonation in humans.
For mammals, CO2 may function as a taste or a smell depend-
ing on the sensory neurons that detect it. Why use two different
senses to detect CO2? The olfactory system is sensitive to levels
barely above average atmospheric levels, suggesting that it
monitors CO2 in the environment to avoid high concentrations.
In contrast, the gustatory system specifically detects high CO2
concentrations on the tongue and acts as a gatekeeper for
ingestion. The detection of CO2 by different sensory modalities
in mammals allows them to extract additional information about
the location of CO2 and use this information to fine-tune
behavior.
Generating Different Behaviors with the Same Cue:
CO2 Detection in Drosophila
Like mammals, Drosophila also use specialized olfactory and
gustatory neurons to detect changes in CO2 levels (Figure 2).
Flies sense olfactory cues with neurons on the third antennal
segment and the maxillary palp. Three receptor families are ex-
pressed in different subpopulations of olfactory neurons:
Drosophila odorant receptors, ionotropic glutamate receptors,
and gustatory receptors (Su et al., 2009). Each neuron expresses
one or a few members of a single receptor family and responds
to a subset of odors. Neurons with the same receptors project to
the same glomeruli in the antennal lobe, creating a spatial map of
different odors in the first relay. The combinatorial activity of
glomeruli in response to different odors provides the potential
to encode thousands of different odors.
CO2 is unlike most odors in that it activates only one class of
olfactory neurons and is the sole compound that activates
them (Suh et al., 2004). The CO2-sensing neurons are ab1c
sensilla on the antennae that project to the most ventral glomer-
ulus in the antennal lobe (V) (Suh et al., 2004). Calcium imaging
experiments revealed that the V glomerulus is exquisitely
sensitive to CO2, with dose-sensitive responses from 0.05–
10%CO2 above atmospheric levels. No other glomeruli respond
to CO2. The finding that there is a single olfactory channel for
CO2 suggests that this may act as a labeled line transmitting
CO2 detection into a stereotyped behavior. Indeed, flies avoid
volatile CO2 and this avoidance requires ab1c neurons (Suh
et al., 2004; Faucher et al., 2006). Moreover, inducibly activating
ab1c neurons elicits avoidance behavior: flies in which channelr-
hodopsin-2 (a blue-light-gated ion channel from Chlamydomo-
nas reinhardtii) (Nagel et al., 2003) is expressed in ab1c neurons
avoid blue light (Suh et al., 2007). Thus, unlike mammalian olfac-198 Neuron 69, January 27, 2011 ª2011 Elsevier Inc.tory detection, flies use a dedicated channel for CO2 detection
that is tethered to avoidance behavior.
Two members of the gustatory receptor (GR) family, Gr21a
and Gr63a, are expressed specifically in the ab1c neurons in
the adult as well as single CO2-sensing neurons in larvae (Scott
et al., 2001; Jones et al., 2007; Kwon et al., 2007) (Figure 2).
Although most members of the GR gene family are expressed
in gustatory neurons and mediate taste detection, a few are ex-
pressed in the antenna (Scott et al., 2001). Demonstration of their
function in CO2 detection came from studies of Gr63a mutants,
which do not show cellular or behavioral responses to CO2
(Jones et al., 2007). Moreover, exogenous coexpression of
Gr63a and Gr21a confers CO2 responses, arguing that they are
the sensors (Jones et al., 2007; Kwon et al., 2007).
CO2 is an important signal for many insects, including blood-
feeders and plant-feeders. Orthologs of Gr21a and Gr63a are
present in the twelve sequenced Drosophilid species as well as
mosquitoes, silk moths and flour beetles, suggesting the conser-
vation of CO2 detection and receptors (Robertson and Kent,
2009). The non-Dipterans have a third gene highly related to
Gr21a that is co-expressed with the other two genes in the ma-
laria vector Anopheles gambiae (Lu et al., 2007). Misexpressing
the three A. gambiae orthologs in Drosophila olfactory neurons
demonstrated that all three genes participate in CO2 detection
(Lu et al., 2007). Thus, studies of Drosophila CO2 detection
have provided insight into the problem of how disease-carrying
insects are attracted to their human hosts. As there are more
than 300 million cases of malaria each year, associated with
1-3 million deaths, these studies have important implications
for limiting the spread of disease.
In addition to olfactory detection of CO2, recent studies have
demonstrated that the gustatory system also detects CO2. Like
mammals, Drosophila distinguish a few taste qualities and
have modality-specific taste cells, including sugar-, bitter-, and
water-sensing neurons (Thorne et al., 2004; Wang et al., 2004;
Marella et al., 2006; Cameron et al., 2010). Chemosensory bris-
tles on the proboscis, legs, wings, and ovipositor and taste pegs
on the proboscis labellum contain gustatory neurons (Stocker,
1994). The taste pegs labeled by the enhancer trap E409 house
the neurons that selectively respond to CO2 in solution (Fischler
et al., 2007). Unlike olfactory CO2-sensing neurons, the gustatory
neurons require high CO2 concentrations for detection, with
aqueous CO2 activating at 0.2% and volatile CO2 activating at
10%. Behaviorally, flies show a weak preference for CO2 in solu-
tion, taste peg CO2 sensors mediate this preference, and artifi-
cially activating these neurons also triggers acceptance
behavior. The molecules responsible for detection have not
been described. Why do flies taste CO2? One possibility is that
it acts as a proxy for detecting growing microorganisms like
yeast that emit CO2 and are consumed by flies to obtain essential
nutrients.
Taken together, these studies highlight the importance of CO2
detection for insects and demonstrate that CO2 acts as a repel-
lent in air and a palatable taste in solution. Like mammals, flies
detect CO2 with the gustatory system and the olfactory system.
Long-range, short-range, volatile, and nonvolatile CO2 may be
interpreted as different cues triggering different behaviors. The
gustatory and olfactory systems compartmentalize the CO2
Neuron
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on the CO2 source. It is interesting to speculate that CO2 detec-
tion by both the olfactory and gustatory systemsmay co-operate
to determine the value of a food source. Perhaps flies accept
rotting fruit with high local concentrations of growing yeast but
avoid it once yeast produce enough CO2 for long-range detec-
tion. In this scenario, the taste and smell of CO2 would allow
the fly to identify fruit with the right amount of rottenness. Of
course, studies of plasticity argue that there are multiple ways
to modulate the CO2 response (see below).
The finding that a single compound can act as either a taste or
a smell is not unique to CO2. Recent studies of water detection in
Drosophila argue that there are olfactory neurons that respond to
high or low humidity (Liu et al., 2007) and gustatory neurons that
detect water to elicit drinking behavior (Cameron et al., 2010). A
general strategy that animals may use to mine additional infor-
mation about important yet common compounds like water
and CO2 is to set up multiple methods of detection that are
context-dependent.
Strategies for Behavioral Adaptability and Plasticity
Although O2 and CO2 are associated with innate behaviors in
C. elegans, Drosophila and mammals, these behaviors are also
plastic allowing animals to adjust their responses depending
on the environment. As both O2 and CO2 are generic signals
emitted by numerous organisms, their ability to be interpreted
in the context of other sensory cues is essential. Two examples
illustrate this plasticity well: one is variation in O2 sensation in
differentC. elegans strains, the second ismodulation of olfactory
CO2 avoidance behavior in Drosophila.
Two commons strains of C. elegans show dramatically
different behaviors when placed on a lawn of bacteria (the food
supply for C. elegans). Many worm strains, including the
Hawaiian strain HW, move rapidly, prefer the borders of the
lawn, and aggregate in groups, whereas the N2 laboratory strain
moves slowly and shows a solitary wandering behavior (de Bono
andBargmann, 1998). Some elements of this behavior are due to
variations in O2 avoidance behavior. Bacterial lawns consume
O2, creating local O2 gradients with low O2 at thick borders
and high O2 in the center (Gray et al., 2004). Under low O2 condi-
tions, HW shows solitary behavior rather than aggregates at the
borders. Thus, the aggregation behavior is partially explained as
anO2 avoidance behavior: most strains avoid highO2 in the pres-
ence and absence of food, but N2 avoids high O2 in the absence
of food and this avoidance is overridden in the presence of food
(Gray et al., 2004; Cheung et al., 2005; Rogers et al., 2006).
Two genetic differences between N2 and HW have been iden-
tified that explain much of the behavioral variation (McGrath
et al., 2009). First, changes in a globin protein GLB-5 modulate
the O2-sensing behavior (McGrath et al., 2009; Persson et al.,
2009). Globin domain proteins are heme proteins important for
O2 transport and storage (Weber and Vinogradov, 2001). A
partial duplication in glb-5 in N2 strains behaves as a recessive
mutation, creating a difference in O2 sensing (McGrath et al.,
2009; Persson et al., 2009). GLB-5 acts in URX neurons that
sense increased O2 levels and sensitizes these neurons to small
changes in O2. For example, URX neurons respond to shifts from
20% to 21% O2 in HW but not in N2 (McGrath et al., 2009; Pers-son et al., 2009). Thus, one difference betweenHWandN2 is that
N2 is less sensitive to changes in ambient O2 than HW. However,
N2 animals still avoid O2 in the absence of food, consistent with a
subtle change in O2 sensing rather than an inability to detect O2.
A second major difference is in a neuropeptide receptor (NPR)
similar to the neuropeptide F receptor involved in feeding in
mammals (de Bono and Bargmann, 1998). N2 animals have
a polymorphism in npr (215V) making it more active; other strains
have a different polymorphism (215F) making it less active. An
npr mutant displays bordering and aggregation similar to the
215F variant. Thus, competing forces are thought to produce
the solitary versus aggregation behavior: aversive cues
(including O2) promote aggregation, whereas other cues
promote solitary behavior (de Bono et al., 2002; Gray et al.,
2004; Cheung et al., 2005; Rogers et al., 2006). In the N2 strain,
a more active NPR-signaling pathway and a less active O2-
sensing pathway promote solitary behavior. In HW, a less active
NPR pathway and a more active O2-sensing pathway promote
aggregation. Interestingly, N2 likely arose during selection for
survival in a laboratory environment: maintaining C. elegans at
atmospheric O2 on agar dishes plated with bacteria likely
selected for animals that find high O2 less aversive and move
slowly on bacterial lawns (McGrath et al., 2009).
Another example of plasticity in behavior comes from studies
of CO2 avoidance in Drosophila. Although olfactory CO2
detection mediates aversive behavior, this behavior can be
modulated by context. For example, flies exposed to 5% CO2
for several days showed decreased CO2 avoidance, correlating
with changes in activity in the antennal lobe, the first processing
station for olfaction (Sachse et al., 2007). The response of
sensory neurons did not change, the response of local inhibitory
neurons increased and the response of second-order projection
neurons decreased. Thus, changes in signal propagation likely
allow an animal to adapt to long-term exposure of increased
CO2.
Plasticity at the level of the sensory neuron also occurs. In
a screen of 46 odorants, ab1c olfactory neurons (Gr21a/Gr63a)
were found to be strongly activated by CO2 and inhibited by 1-
hexanol and 2,3-butanedione (Turner and Ray, 2009). Intrigu-
ingly, 1-hexanol and 2,3-butanedione appear to inhibit the CO2
response directly, as they inhibit the response to CO2 but not
other odors when Gr21a/Gr63a are misexpressed in the
antenna, under conditions where lateral inhibition is unlikely
(Turner and Ray, 2009). Both 1-hexanol and 2,3-butanedione
are present in ripe bananas (the favorite food of fruit flies) but
not unripe ones, increasing several hundred- to several thou-
sand-fold during the ripening process (Mayr et al., 2003; Turner
and Ray, 2009). As flies are attracted to odors from ripe bananas
that contain CO2, it is possible that emission of other compounds
directly inhibits Gr21a/Gr63a and blocks CO2 avoidance
responses.
The adaptability of O2 and CO2 detection occurs both on
a time scale of generations (C. elegans O2 sensation) as well
rapidly during the life of an animal (Drosophila CO2 olfactory
detection). Genetic changes allow altered behavior to long-
term changes in environmental conditions, whereas activity-
dependent plasticity or modulation by other sensory cues allows
more rapid readjustments in behavior.Neuron 69, January 27, 2011 ª2011 Elsevier Inc. 199
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Sensory Systems
Although the molecular bases for sensory detection of O2 and
CO2 are still being unraveled, some principles of detection are
beginning to emerge. For O2 sensation in C. elegans and
Drosophila larvae, soluble guanylate cyclases are essential for
detection. sGCs contain a heme-binding domain called H-NOX
(heme-nitric oxide and O2-binding domain) (Iyer et al., 2003;
Karow et al., 2004). This domain is found in bacteria and the
animal lineage of eukaryotes but absent in other eukaryote line-
ages and archaea. The domain itself can comprise a protein or
can be linked to other domains as in the case of guanylate
cyclases and some bacterial chemotaxis receptors. Although
sGCs have long been known to bind NO and exclude O2, studies
over the last 10 years have shown that subtle changes in the
heme-binding domain can reverse the selectivity for O2 and
NO (Boon and Marletta, 2005). Studies of sGCs in C. elegans
provided critical evidence that these proteins can function as
O2 sensors (Gray et al., 2004). For C. elegans and Drosophila
O2-sensing, ancient heme-based sensors were co-opted by
sensory cells to transform detection into a change in neural
activity in the brain and animal behavior.
In the case of CO2 detection, sensors have been identified in
the mammalian gustatory and olfactory systems and Drosophila
olfaction. In mammalian detection, carbonic anhydrases play
a central role. These enzymes are found in bacteria and algae
and participate in fundamental processes such as photosyn-
thesis, respiration, and acid-base homeostasis (Tashian, 1989).
Carbonic anhydrases (CAs) catalyze the reaction of CO2 and
water into the intermediate carbonic acid, which is instanta-
neously converted to bicarbonate ions and protons. Different
products of CA can act asmessengers for signaling: bicarbonate
is proposed to activate a receptor guanylate cyclase in mamma-
lian olfactory neurons and protons are proposed to gate a pH-
sensitive channel in gustatory neurons. Thus, these cells have
also adopted existing strategies for detection and coupled
them to brain and behavior. Similarly, chemoreceptors on fish
gills and plant stomatal guard cells both sense CO2 in the envi-
ronment and require carbonic anhydrases for detection (Hu
et al., 2010; Qin et al., 2010).
Does sensory detection occur without CA involvement?
Drosophila olfactory neurons detect CO2 with two gustatory
receptor genes, gr21a and gr63a. GRs are multipass transmem-
brane domain proteinsmost similar toDrosophila odorant recep-
tors (Robertson et al., 2003). As Drosophila odorant receptors
have recently been proposed to function as ligand-gated ion
channels with some capacity to activate G proteins (Sato et al.,
2008; Wicher et al., 2008), this may also be the case for GRs.
CO2 may directly activate GRs, as misexpressing the receptors
in heterologous olfactory neurons confers CO2 responses (Jones
et al., 2007; Kwon et al., 2007). In this scenario, the function of
Gr21a/Gr63a may be akin to Rhesus proteins (Rh), which act
as ion channels/transporters directly gated by CO2 (Kustu and
Inwood, 2006). Alternatively, it is possible that CAs act upstream
of Gr21a/Gr63a and that these receptors detect a reaction
product, similar to the mechanism thought to underly mamma-
lian taste. Understanding CO2 detection in additional sensory
systems may shed more light on the diversity of CO2 sensors.200 Neuron 69, January 27, 2011 ª2011 Elsevier Inc.Concluding Remarks
The ability to extract information about subtle changes in O2
levels, or CO2 on the tongue or in the air, affords an unanticipated
flexibility in behavior toward these essential and prevalent gases.
Sensory neurons, for the most part, capitalize on long-standing
cellular strategies for detection, such as soluble guanylate
cyclases and carbonic anhydrases. An elegant solution to
sensory detection seems to have been for animals to adopt an
existing cellular strategy but use it to control neural activity and
behavior rather than cellular behavior. Because O2 and CO2
fluctuations occur in different environments (mountain tops,
under the sea, in the ground) at different times (diurnal rhythms,
seasonal variation), aswell as under different conditions (respira-
tion, photosynthesis), it is remarkable that animals can glean
useful information by monitoring external concentrations.
The ability to interpret these signals in the context of a variety
of other sensory cues is essential to determine whether the
appropriate behavior is attraction, avoidance, or indifference.
How animals evaluate O2, CO2, and other environmental cues
is an important problem in neural integration and an exciting
avenue of investigation.ACKNOWLEDGMENTS
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